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Historical processes constrain metacommunity structure by 
shaping different pools of invertebrate taxa within the Orinoco 
basin













































tion	of	 invertebrate	 communities	was	mostly	 explained	by	 ecoregion	 type	 and	 its	
interaction	with	the	local	environment,	particularly	its	physiographic	features.




for	 biodiversity	 conservation	 and	 river	management	would	 not	 adequately	 reflect	
the	diversity	and	distribution	patterns	 in	highly	heterogeneous	basins	 such	as	 the	
Orinoco	basin.
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1  | INTRODUC TION















The	metacommunity	 framework	 allows	assessment	of	 the	 role	
of	historical,	 regional,	 spatial	 and	environmental	 factors	 in	 the	as‐
sembly	 process	 across	 scales	 (Leibold	 &	 Chase,	 2018;	Mittelbach	
&	 Schemske,	 2015).	 In	 recent	 decades,	 the	 use	 of	 pattern‐based	
statistical	 methods,	 such	 as	 the	 analysis	 of	 the	 Elements	 of	





at	 the	basin	scale,	 for	 instance,	 include	environmental	sorting,	 the	

















dress	 the	 assembly	 process	 (e.g.,	 null	 models	 or	 EMS)	 depend	 on	





In	 the	 Neotropical	 region,	 geological	 and	 climatic	 events	
such	 as	 Andean	 uplifts	 and	 glacier	 retreats	 have	 shaped	 unique	
combinations	of	 river	 forms	and	riparian	ecosystems	at	 the	ecore‐
gional	scale	(Hoorn	et	al.,	2010;	Rull,	2008).	For	example,	when	de‐
scending	from	the	Andes	to	the	Amazon,	there	is	a	matrix	of	streams	





tension	of	 the	stream	networks,	 this	 scenario	provides	 the	oppor‐
tunity	to	test	the	influence	of	the	potential	occurrence	of	different	




However,	 to	 our	 knowledge	 only	 one	 has	 addressed	 how	 the	 oc‐
currence	of	different	pools	of	 species	may	 shape	 the	 structure	of	








provide	an	appropriate	comparator	 to	 shed	 light	on	 the	effects	of	
deforestation,	mining,	damming	and	intensive	agriculture	on	the	bio‐
diversity	in	the	region	(Sabater,	González‐Trujillo,	Elosegi,	&	Donato	
Rondón,	 2017).	 We	 hypothesized	 that	 if	 evolutionary	 history	 in‐












ering	 an	 area	 of	 about	 990,000	 km2	 that	 is	 in	most	 of	Venezuela	
and	in	the	eastern	part	of	Colombia	 (Romero	Ruíz,	Galindo	García,	
Otero	García,	&	Armenteras	Pascual,	2004).	The	complex	geologi‐
cal	 and	 climatic	 history	 of	 the	 basin	 has	 shaped	 a	 broad	 range	 of	




Hoorn	et	 al.,	 2010;	Hughes	&	Eastwood,	2006).	Within	 the	basin,	
there	is	an	intricate	network	of	rivers	and	tributaries,	spanning	from	
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0	to	3,500	m	a.s.l,	and	three	constraining	relief	forms:	ancient	mas‐
sifs	and	shields,	recently	raised	ridges,	and	tectonic	depressions	or	






The	 area	 encompassed	 a	 broad	 altitudinal	 gradient	 (from	 300	 to	
3,400	m	a.s.l)	to	include	a	largely	heterogeneous	area.	Our	sampling	
sites	were	distributed	among	 six	ecoregions	of	 the	Orinoco	basin,	
with	 3–7	 streams	 selected	 in	 each	 ecoregion	 according	 to	 their	





2.2 | Environmental characterization of the streams
Environmental	 descriptors	 for	 each	 stream	 segment	 included	 hy‐
drology,	substratum	and	water	quality	(Table	2).	Longer‐term	hydro‐
logical	variables	were	estimated	using	the	rational	method	modified	
by	Témez	 (2003).	This	method	estimates	a	 stream's	water	 flow	as	
function	 of	 the	 total	 precipitation,	 the	 basin	 area	 and	 associated	
land	 uses,	 the	 time	 of	 concentration	 and	 the	 runoff	 coefficient	
(Supplementary	Material).	Once	the	daily	water	flow	had	been	de‐
termined,	we	estimated	 the	 threshold	 at	which	 the	 stream's	 basal	
flow	was	 surpassed,	 as	 a	 unit	 of	 disturbance	 for	 the	 invertebrate	







ring	 along	 the	 stream.	 Physical	 and	 chemical	 variables	were	mea‐




suring	 of	 water	 depth	 and	 flow	 velocity	 at	 15	 cm	 intervals	 along	
three	cross	sections.	At	each	 interval,	we	also	 recorded	the	domi‐
nant	substrate.	Flow	velocity	was	measured	with	a	digital	flow	meter	
(SCHILTKNECHT—MiniAir	 20).	 Canopy	 shading	 (%)	was	 estimated	





ical	 analyses,	 filtered	 through	0.7	μm	glass	 fibre	 filters	 (Whatman	
GF/F)	and	stored	frozen	until	analysis.	In	the	laboratory,	ammonium	
and	nitrate	concentrations	were	determined	on	a	Dionex	ICS‐5000	
ion	 chromatography	 system	 (Dionex	 Corporation).	 Reactive	 phos‐
phorus	 (PRS)	 concentrations	 were	 determined	 colorimetrically	
using	 the	 fully	 automated	discrete	 analyzer	 Smartchem	140	 (AMS	




TA B L E  1  Physiographic	features	of	the	six	ecoregions	in	the	Orinoco	basin	that	were	assessed	in	the	present	study




















































Gorge Mountain Mountain Braided Meandering Meandering sensu	Petts	&	Amoros,	1996










Sand Bedrock  
Note: The	features	included	are	recognizable	at	a	large	spatial	scale.
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2.3 | Invertebrate sampling
Stream	invertebrates	were	sampled	during	the	dry	season	(January–






of	 the	 third	 substratum	 type	were	 collected.	 The	 substratum	 dis‐
tribution	in	each	riffle	was	evaluated	visually	using	the	Wentworth	
scale	 (mm,	diameter‐based)	as	a	reference	 (Wentworth,	1922).	We	





In	 the	 laboratory,	 invertebrates	 were	 sorted	 and	 identified	 to	
the	 genus	 level,	 following	 Trivinho‐Strixino	 and	 Strixino	 (1995),	
Merritt	 and	 Cummins	 (2008),	 Domínguez	 and	 Fernández	 (2009)	
and	 González‐Córdoba,	 Carmen	 Zúñiga,	 and	 Manzo	 (2015).	
Chironomidae	 and	 Ephemeroptera	 were	 dissected	 and	 mounted	
in	 Euparal®	 following	 the	 protocol	 of	 Domínguez	 (2006)	 and	












2.4.1 | Additive partitioning of diversity




F I G U R E  1  Geographical	area	of	the	ecoregions	and	the	positions	of	the	sampled	streams	in	the	Orinoco	basin






Summerville	 (2003)	to	 include	distinct	spatial	scales	 in	a	hierarchi‐
cal	sampling	design,	the	 lower	sampling	 levels	being	nested	within	
higher	levels.	By	doing	this,	the	gamma	(γ)	diversity	can	be	expressed	





the	basin	(β3).	The	sum	of	α + β1 + β2 + β3	is	equivalent	to	γ.
Additive	partitioning	can	be	conducted	on	the	most	widely	used	
diversity	metrics:	 species	 richness,	 the	Shannon	entropy	 index	and	
the	Gini–Simpson	index	(Jost,	2007;	Lande,	1996).	We	used	only	the	
species	 richness	 and	 the	 Shannon	 entropy	 because	 these	 are	 the	
two	metrics	that	increase	in	line	with	the	compositional	differentia‐
tion	in	the	additive	partitioning	framework	(Jost	et	al.,	2010).	Under	







community	matrix	 (see	Crist	 et	 al.,	 2003	 for	 further	details	 on	 the	
formulas	and	calculations).	We	performed	all	 the	calculations	using	
the	“adipart”	function	of	the	VEGAN	package	(Oksanen	et	al.,	2013).
2.4.2 | Environmental and community composition 
variability at the ecoregional scale
Following	Heino	et	al.	(2013),	we	used	both	the	canonical	analysis	of	
principal	coordinates	(CAP,	Anderson	&	Willis,	2003)	and	the	test	for	
homogeneity	 of	 dispersion	 (PERMDISP,	 Anderson,	 2006)	 to	 assess	
variability	 in	 community	 composition	 and	 environmental	 conditions	
among	and	within	ecoregions.	Community	data	were	pooled	at	the	rif‐
fle	 level	 (summing	up	 the	counts	of	 five	Surber	 samples)	 in	order	 to	
match	 the	scale	at	which	environmental	variables	were	measured	at	
each	stream.	CAP	 identifies	 the	axes	 through	 the	multivariate	space	
that	best	discriminate	among	a	priori	groups.	In	our	case,	we	allocated	
riffles	to	correct	ecoregion	types	 (leave‐one‐out	procedure)	and	test	
for	 among‐ecoregion	 differences	 in	 community	 composition	 using	
random	permutations.	A	total	of	9,999	permutations	were	run	to	test	
the	null	hypothesis	that	ecoregion	centroids	do	not	differ.	We	used	the	
















2.4.3 | Elements of metacommunity structure
The	 analysis	 of	 the	 EMS	 determines	 which	 idealized	 metacom‐
munity	 structure	 (Leibold	&	Mikkelson,	2002)	or	quasi‐structure	
(Presley,	 Higgins,	 &	Willig,	 2010)	 best	 fits	 the	 observations	 ob‐
tained	 from	 the	 community	 matrix.	 Based	 on	 a	 species‐by‐site	
incidence	matrix,	 in	which	 sites	 are	 rearranged	 by	 similarities	 in	
species	 composition	 and	 species	 are	 rearranged	 by	 similarities	
in	 distribution	 (Leibold	 &	 Mikkelson,	 2002),	 EMS	 analysis	 as‐
sesses	the	coherence,	turnover	and	boundary	clumping	of	species	





































Coherence	 is	 assessed	 by	 counting	 the	 number	 of	 embedded	













one	 indicate	 hyperdispersed	 range	 boundaries,	 while	 equalling	
one	indicate	randomly	distributed	range	boundaries.
We	 used	 the	 “Metacommunity”	 function	 of	 the	 METACOM	
package	(Dallas,	2014)	to	perform	all	EMS	analyses.	EMS	can	be	sen‐










2.4.4 | dBRDA and variance partitioning
The	 relative	 contribution	 of	 the	 environmental	 variables,	 spatial	
structure	 and	 ecoregional	 identity	 on	 metacommunity	 composi‐
tion	was	quantified	with	the	dbRDA	(Legendre	&	Anderson,	1999),	




at	 each	 stream.	Community	 data	were	Hellinger‐transformed,	 and	
environmental	 variables	were	 standardized	 to	 have	 a	mean	 0	 and	
variance	1,	as	recommended	by	Legendre	and	Gallagher	(2001)	and	









function	 of	 the	 VEGAN	 package	 (Oksanen	 et	 al.,	 2013).	 Moran's	
eigenvector	 maps	 (MEMs)	 were	 used	 to	 model	 the	 spatial	 struc‐
ture	 of	 the	 streams	within	 each	 ecoregion	 (Legendre	&	 Legendre,	


















taxon	 richness	 was	 the	 high‐Andean	 (74	 genera	 among	 streams	
and	43	genera	on	average	per	stream),	followed	by	the	High	Plains	
(73	genera	among	streams	and	33	genera	on	average	per	stream),	
the	Piedmont	 (65	genera	 among	 streams	and	24	genera	on	aver‐
age	 per	 stream),	 the	 alluvial	 fans	 (63	 genera	 among	 streams	 and	
TA B L E  3  Additive	partitioning	of	invertebrate	diversity	in	the	
Orinoco	basin,	Colombia
 
ORINOCO BASIN (n = 25)
Observed Expected (%) p‐value
Taxa	richness—S
α—within	riffles 30.33 100.34 22.8 <.001
β—among	riffles 8.22 15.08 6.2 <.001
β—among	streams 25.44 12.99 19.1 <.001
β—among	
ecoregions
69 4.61 51.9 <.001
γ 133    
Shannon	Index—H’
α—within	riffles 2.26 3.33 67.1 <.001
β—among	riffles 0.07 0.02 2.1 <.001
β—among	streams 0.49 0.01 14.5 <.001
β—among	
ecoregions
0.55 0.004 16.3 <.001
γ 3.37    
Note: The	expected	values	for	both	taxon	richness	and	Shannon's	index	
correspond	to	the	average	values	of	the	null	distribution.
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entropy	 index	 showed	 that	 samples	 at	 each	 riffle	 (α—within riffles)	
presented	lower	diversity,	on	average,	than	that	expected	with	the	
null	hypothesis	(p‐value	<.001;	Table	3),	indicating	that	the	taxa	are	
not	 homogeneously	 distributed	 across	 the	 spatial	 scales.	 Instead,	
the	significantly	greater	contribution	of	the	upper	hierarchical	 lev‐
els	 (β2—among	 streams,	β3—among	 ecoregions)	 indicated	 that	 the	
non‐random	 clusters	 of	 taxa	 could	 be	 separated	 at	 larger	 scales.	
However,	 the	 relative	 contribution	 of	 streams	 and	 ecoregions	 di‐
minished	 as	 the	 more	 abundant	 species	 gained	 greater	 weight	 in	
Shannon's	 index	 estimations.	 For	 instance,	 the	 component	 due	 to	





3.2 | Environmental and community composition 
variability at the ecoregional scale
We	 found	 that	 invertebrate	 community	 composition	 (Figure	 2a–b),	





dance	 (91.2%,	 p‐value	 =	 .001)	 and	 invertebrate	 incidence	 (95.6%,	
p‐value	=	.001).	In	all	the	datasets,	the	Piedmont	and	alluvial	fan	ecore‐
gions	had	the	 lowest	percentages	of	correct	classification	 (Table	4).	
When	 the	 invertebrate	 data	were	 considered,	 these	were	 the	 only	
ecoregions	with	a	percentage	of	correct	classification	below	100%.
The	 PERMDISP	 tests	 indicated	 high	 variability	 in	 community	




Streams	 from	 the	 alluvial	 fans	were	 the	most	 variable	 in	 terms	of	
physiography,	while	streams	in	the	other	ecoregions	showed	similar	
variability.	Regarding	community	composition,	the	within‐ecoregion	
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variability	was	similar	 for	both	 types	of	data	 (incidence	and	abun‐
dance).	 In	both	datasets,	 streams	 in	 the	alluvial	 fans	exhibited	 the	
highest	within‐ecoregion	variability.
3.3 | Elements of metacommunity structure
The	 invertebrate	metacommunity	of	 the	Colombian	Orinoco	basin	
exhibited	a	Clementsian	structure	(Table	5).	Notably,	the	EMS	anal‐












3.4 | dbRDA and variance partitioning
The	variance	partitioning	revealed	that	 the	ecoregional	 identity	and	




in	 community	 composition	 when	 using	 incidence‐	 and	 abundance‐
based	data,	 respectively.	When	taxon	abundances	were	considered,	
the	overall	 performance	of	 the	model	 increased,	 but	 did	 not	 affect	





















TA B L E  5  Elements	of	metacommunity	structure	(EMS)	analysis	of	the	Orinoco	basin	using	data	at	the	riffle	and	stream	levels
 
Coherence Species turnover Boundary clumping
InterpretationEAbs p Mean SD Rep p Mean SD Morisita's Index p
Riffle‐level 3,552 <.001 5,778 125 971,995 <.001 577,537 41,615 1.86 <.001 Clementsian
Stream‐level 1,161 <.001 1910 71 141,731 <.001 89,381 7,114 1.48 <.001 Clementsian
Note: These	metrics	indicated	a	Clementsian	metacommunity	structure.
TA B L E  4  Percentage	of	correct	classification	and	mean	distance	from	group	centroids	for	the	environmental	and	community	composition	
data	obtained	in	CAP	and	PERMDISP	analyses,	respectively
Ecoregion
Water quality Physiography Invertebrate incidence data Invertebrate abundance data




















Páramo 56 0.6994 67 1.846 100 0.5036 100 0.5415
High‐Andean 57 1.5641 93 1.281 100 0.4727 100 0.4839
Piedmont 74 2.6298 100 2.144 89 0.6535 89 0.6379
Alluvial	fans 64 2.0423 100 3.502 64 0.6145 91 0.5218
High	Plains 67 0.8624 100 1.545 100 0.6044 100 0.5678
Guiana	shield 78 1.3404 78 2.123 100 0.5116 100 0.4956
 F 2.9186 F 5.7144 F 16.227 F 3.7336
 p‐value 0.018 p‐value 0.0002 p‐value 0.001 p‐value 0.006
Note: The F‐	and	p‐values	were	obtained	from	tests	for	differences	in	multivariate	dispersions	among	the	streams	(999	permutations).
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4  | DISCUSSION
Our	 study	used	 small	 grain‐size	 samples	 from	across	 a	 broad	bio‐














4.1 | Diversity, distribution and metacommunity 





findings	 demonstrate	 a	 patchy	 distribution	 within	 the	 basin,	 with	
each	ecoregion	having	a	distinct	pool	of	invertebrate	taxa.	Previous	
studies	 in	 tropical	 and	 subtropical	 basins	 found	distributions	 simi‐
larly	constrained	by	ecoregion,	both	in	diatom	(Benito	et	al.,	2018)	




Previous	 studies	 in	 similar	 settings	 have	 shown	 that	 the	 over‐
all	 connectedness	 of	 the	 network,	 as	well	 as	 the	 position	 of	 each	





subsequent	 variance	 partitioning	 indicates	 that	 other	 factors	may	
act	as	the	underlying	drivers.	RDA	models	usually	do	not	explain	a	








comparatively	 higher	 variance	 explained	 by	 the	 pure	 ecoregional	
component	points	to	ecoregional	features	as	major	drivers	of	com‐




Taken	 collectively,	 the	 above‐mentioned	 findings	 suggest	 that	
past	 historical	 events	 shaped	 taxon	 distribution	 in	 the	 way	 they	
shaped	 the	 distribution	 and	 physiographic	 features	 of	 the	 ecore‐
gional	types	across	the	Orinoco	basin	 (e.g.,	Goosen,	1971;	van	der	
Hammen,	 1974;	 Hoorn	 et	 al.,	 2010;	 Hughes	 &	 Eastwood,	 2006).	
Several	 studies	 have	 indicated	 that	 a	 concordance	 between	 spe‐
cies	 pools	 and	 ecoregion	 (or	 biogeographical	 region)	 distributions	
provides	 indirect	 evidence	 of	 the	 effects	 of	 historical	 events	 on	
F I G U R E  3  Venn	diagram	showing	the	variation	partitioning	results	for	aquatic	invertebrates	based	on	(a)	incidence	and	(b)	abundance.	
The	values	indicate	the	proportion	of	variance	(R2‐adjusted)	explained	by	each	component	and	its	respective	interactions.	The	spatial	
component	was	not	significant	and	was	not	included	in	the	representation
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present‐day	biodiversity	patterns	(Brasil	et	al.,	2017;	Hazzi,	Moreno,	
Ortiz‐Movliav,	&	Palacio,	2018;	Presley	&	Willig,	2010).
Our	EMS	analysis	 results	 further	 supported	 the	 role	 of	 histori‐
cal	 events	 as	 major	 drivers.	 We	 identified	 a	 metacommunity	 re‐
sembling	 a	 Clementsian	 idealized	 structure	 (Leibold	 &	 Mikkelson,	
2002),	which	suggests	that	the	turnover	between	the	ecoregions	is	
due	 to	changes	 in	 clumped	sets	of	 associated	 taxa	 rather	 than	 the	
responses	of	individual	species.	Although	the	Clementsian	idealized	
structure	is	rather	common	in	the	freshwater	realm	(Heino,	Soininen,	
Alahuhta,	 Lappalainen,	 &	 Virtanen,	 2015),	 we	 found	 no	 evidence	
to	 link	 the	 occurrence	 of	 this	 structure	with	 some	of	 the	 underly‐
ing	drivers	described	elsewhere,	such	as	an	occurrence	of	a	patchy	
distribution	of	resources	(Willig	et	al.,	2011),	habitat	types	(Presley,	




invertebrate	 communities,	 respectively.	 Those	 studies	 found	 that	
Clementsian	 idealized	 structures	may	 stem	 from	 the	 area	of	 origin	
and	the	associated	specialization	of	species.	Similar	clumped	patterns	
in	 species	distributions	have	been	already	 identified	 in	 the	 tropical	
Andes	 and	 Amazonia	 (e.g.,	 Hazzi	 et	 al.,	 2018;	 Hoorn	 et	 al.,	 2010;	
Hubert	&	Renno,	 2006;	Hughes	&	 Eastwood,	 2006),	with	most	 of	
these	attributable	to	allopatric	speciation	by	vicariance.	For	instance,	
Hughes	 and	 Eastwood	 (2006)	 found	 that	 the	 clumped	 distribution	
of	 Lupinus	 plants	was	 driven	 by	 ecological	 factors	 afforded	 by	 the	
emergence	of	island‐like	habitats	after	the	Andean	uplift.	However,	





limiting	 dispersal	 within	 an	 ecological	 timeframe.	 Contemporary	
features	 of	 ecoregions,	 such	 as	 climate,	 landscape	 topology	 and	
stream	forms,	are	a	result	of	past	historical	events	 (Goosen,	1971;	
van	der	Hammen,	1974).	All	these	features	can	be	viewed	as	phys‐
ical	 boundaries	 to	 species	 dispersal	 in	 the	 present	 day,	 helping	 to	
explain	 the	 considerable	 amount	 of	 variance	 explained	 by	 stream	
physiography	and	ecoregional	 identity	 in	RDA	models.	Stream	dis‐
charge,	 temperature	 and	 substrata	 are	 examples	 of	 the	 variables	
conditioned	 by	 ecoregion	 that	 can	 influence	 species	 dispersal.	 In	









The	 variance	 partitioning	 and	 CAP	 analyses	 revealed	 that	 the	
effect	 of	 water	 quality	 on	 metacommunity	 structure	 is	 not	 influ‐
enced	by	the	ecoregional	context,	even	when	geological	differences	
between	the	ecoregions	are	considered.	Nevertheless,	water	qual‐
ity	 could	 be	 one	 of	 the	 strongest	 environmental	 filters	 explaining	
beta	diversity	 across	 streams	of	 some	ecoregions.	 In	Piedmont	or	
the	alluvial	fans,	for	instance,	we	observed	large	variability	in	water	




of	 these	 ecoregions.	 Future	 studies,	 including	 assessing	 a	 larger	
number	of	streams	per	ecoregion,	could	help	to	determine	the	role	of	
water	quality	in	the	environmental	filtering	at	the	ecoregional	scale.


















communities	 (Benito	et	 al.,	2018),	neotropical	 species	distribution	
seemed	to	be	significantly	restricted	to	each	ecoregion	or	biogeo‐
graphical	district.	Hence,	 the	communities	that	we	studied	do	not	
constitute	 a	metacommunity	 in	 an	 ecological	 timeframe	or	 in	 the	
basin	extent.	Conversely,	the	Orinoco	basin	can	be	viewed	as	a	mo‐
saic	of	functional	metacommunity	units,	with	the	structure	of	each	













in	 highly	 heterogeneous	 basins	 such	 as	 the	Orinoco	 basin.	 Before	
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establishing	a	conservation	unit	in	tropical	basins,	a	first	step	should	






gions	 in	 the	 basin,	 given	 that	 Ecoregions	 harbour	 distinct	 pools	 of	
species	because	of	historical	contingencies.	Therefore,	 they	can	be	
considered	as	 functional	metacommunity	units	 for	 assessing	biodi‐
versity	patterns	and	designing	effective	conservation	actions.
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